CALCIUM-ACTIVATED LARGE-CONDUCTANCE potassium channels (BK Ca ) belong to a unique class of ion channels that are activated by both cytosolic Ca 2ϩ and membrane depolarization. This channel is characterized by its large conductance and senses intracellular Ca 2ϩ , hyperpolarizes the cell membrane, and controls the excitability and functions in a variety of tissues (2, 29, 38, 49) . The native BK Ca channel is believed to be an octameric complex consisting of four pore-forming ␣-subunits and four auxiliary ␤-subunits. The ␣-subunit is encoded by a single gene, Slo I (also known as KCNMA1), and the auxiliary ␤-subunit contains four members encoded by the four KCNMB1-4 genes. The four auxiliary ␤ genes are expressed in a tissue-specific pattern, and KCNMB1 is mainly expressed in smooth muscle tissues (48, 51) . BK Ca channels are widely expressed in both excitable and nonexcitable cells and are known to be involved in many physiological processes, including the firing of neurons, secretion of endocrine or exocrine cells, and tone regulation of arterial smooth muscle (2, 16) .
BK Ca functional diversity in various cells appears to arise from Slo I alternative splicing and different ␣/␤-subunit assembling. BK Ca channels assembled with different splice variants display distinct voltage and Ca 2ϩ sensitivities. It has been reported that more than 10 splicing sites are distributed throughout the Slo I gene (25, 36) , most of which are located at the intracellular COOH terminus. The C2 splicing site (also named SS2) at the COOH terminus has been characterized where an important exon, a stress-regulated exon (STREX), is involved (36) . The STREX exon is named because of its expression under control of the hypothalamic-adenohypophyseal-adrenocortical axis (52) . It was reported that the STREX alternative splicing profile is spatiotemporally altered depending on the developing stage, tissue type, hormone level, and stress stimulation (4, (25) (26) (27) 36) . STREX exon encodes 58 amino acids, a segment rich in cysteine residues, and contains a site phosphorylated by protein kinase A (PKA) (46, 47) Significantly, the STREX BK Ca channel exhibits an inhibitory response to PKA, whereas the BK Ca channel without the STREX insert (known as ZERO) is activated by PKA (46) . Thus the alternative splicing mechanism endows the native BK Ca channel with a variety of phenotypes.
In addition to Ca 2ϩ and voltage gating, it is suggested that BK Ca channels are mechanosensitive. Activation of BK Ca channels in response to membrane stretch has been observed in a broad spectrum of cell types, including osteoblast-like cells (8) , odontoblasts (1) , renal cells (34) , podocytes (31) , vascular smooth muscle cells (10, 19) , skeletal muscle cells (28) , the neuroepithelium (30) , and embryonic cardiac myocytes (45) . Mechanical stretch, which activates an outward current via BK Ca channels, is believed to be an important factor influencing the myogenic tone of blood vessels (2) . The downregulation of BK Ca channels in the membrane of uterine smooth myocytes during late pregnancy was thought to prepare myometrium for delivery (3, 11) . Concerning the gating mechanism of BK Ca by stretch, Sokabe and colleagues (32, 37) has cloned a BK Ca gene from cardiac myocytes of the embryonic chicken and found that the STREX insert was a key structure in the mechanosensitivity of BK Ca . So far, to our knowledge, no study concerning BK Ca mechanosensitivity in a particular cell type has been performed with a parallel determination regarding BK Ca splice variants, except for several reports from Sokabe's group.
Cardiac mechanoelectric transduction (MET), or mechanoelectric feedback, which reveals the powerful effect of cardiac mechanics on the heart's electrical activity (24) , has been regarded as an important mechanism for the normal performance of the heart and development of cardiac remodeling and arrhythmias (14, 21, 33, 40) . Mechanical stress also is one of the basic stimulations for the smooth muscle in the gastrointestinal (GI) tract. Much remains unknown about the role of MET in GI smooth muscle. Several types of mechanosensitive ion channels, such as swelling-activated chloride channels (9), stretch-activated nonselective cation channels (20) , and Ca 2ϩ channels (12) , have been reported to exist in GI smooth muscle cells. Activation of these ion channels under physiological ionic gradients results in inward currents that cause depolarization and contractions. The reverse process of receptive relaxation is a distinctive pattern of regulation in the GI tract, especially in the stomach and colon. This behavior may allow volumetric expansion of a hollow organ without a significant increase in the intraluminal pressure or slow emptying (23) . In particular, the movement of the colonic content is the slowest in the GI tract. It has been demonstrated that local reflex is involved in receptive relaxation (18, 42) . However, it is not known whether this process occurs at the level of the GI myocytes. Activities of stretch-activated K ϩ channels have been recorded in murine colonic smooth muscle cells (23) and were suggested to be TREK-1, a member of two-pore domain (K 2P ) potassium channels (22, 41) . Opening K ϩ channels by stretch may lead to K ϩ efflux and hyperpolarization and decrease myocyte excitability.
The BK Ca channel is expressed and is one type of key channels in colonic smooth muscle. BK Ca channels may also provide a large outward current to the smooth muscles to decrease the excitability. However, it is uncertain whether BK Ca channels in the colonic smooth muscle are sensitive to mechanical stimulation and whether the STREX insert is also critical for BK Ca mechanosensitivity. In the present study, we detected the ␣-and ␤1-subunit mRNAs and the ␣-subunit protein of BK Ca channels in the mouse colonic muscularis externa. We found that the ZERO variant of BK Ca was abundantly expressed in the colonic smooth muscle of adult mice, whereas the STREX variant was not detectable. We also confirmed that the BK Ca channels without STREX in colonic smooth myocytes of the mouse were still sensitive to membrane stretch.
MATERIALS AND METHODS
All animal experimental procedures were approved by the Institutional Animal Care and Use Committee of the Capital Medical University, Beijing, China, and were performed in accordance with the "Regulations for the Administration of Affairs Concerning Experimental Animals (the State Science and Technology Commission, China, 1988)."
Cell preparation. BALB/c mice of either sex, 1-2 mo of age, were euthanized by cervical dislocation. The distal colon was quickly removed, cut open along the longitudinal axis, washed with Ca 2ϩ -free Hank's solution, and pinned out in a Sylgard-lined dish. The Ca 2ϩ -free Hank's solution contained (in mM) 125 NaCl, 5.36 KCl, 15.5 NaHCO 3, 0.336 Na2HPO4, 0.44 KH2PO4, 10 glucose, 2.9 sucrose, and 11 HEPES and was buffered at pH 7.4 with NaOH. After removal of the mucosa and submucosa, strips of smooth muscle layer were cut into small pieces and incubated in Ca 2ϩ -free Hank's solution containing 4 mg/ml fatty acid-free bovine serum albumin (fraction V; Sigma-Aldrich, St. Louis, MO), 14 U/ml papain from Carica Papaya (Sigma-Aldrich), 230 U/ml collagenase (type II; Worthington, Freehold, NJ), and 1 mM trypsin inhibitor (Sigma-Aldrich). The muscle fragments were digested in the enzyme solution at 37°C for 15 min and washed with Ca 2ϩ -free Hank's solution to create a cell suspension. All solutions were equilibrated with a mixture of 95% oxygen and 5% CO 2. Patch-clamp studies were performed at room temperature, and cells were used within 6 h after enzymatic isolation. Isolated myocytes were also used for immunofluorescence study.
Single-channel recording. The patch pipettes were made from borosilicate glass (BF150-110-10; Sutter Instruments, Novato, CA) without Sylgard coating and fire-polishing and had a resistance of 8 -10 M⍀. Single-channel activity was recorded in cell-attached, inside-out, or outside-out configurations at room temperature. During recording in the cell-attached mode, the patch potential was estimated to be the negative of the command potential, because the cell membrane potential was close to zero in the symmetrical K ϩ condition. The channel current was amplified, filtered at 10 kHz, and digitized at 20 kHz using a data acquisition system (Axopatch-200A, Digidata 1322A, and pCLAMP9.2; Axon Instruments, Foster City, CA). Suction steps for cell-attached and inside-out patches and positive pressure pulses for outside-out patches were delivered to the pipette with a pressure-generating device at a resolution of 1 mmHg (DALE20 pneumatic transducer tester; Luke Biomedical, Liverpool, UK). The pressure step could be manually set in about 1 s.
Single-channel activities were analyzed with QUB software at 2 kHz (www.qub.buffalo.edu; Buffalo, NY). For each recording, 8-s data were carefully analyzed to obtain the channel current amplitude, the all-point histogram, and the open probability. The channel activity in one patch was expressed as NP o, where N represents the number of channels in the patch and P o represents the open probability of a single channel (43) . The outward current was routinely shown to be upward.
Solutions for patch-clamp experiments. The pipette solution and bath solution were the same and Ca 2ϩ -free, containing (in mM) 140 potassium aspartate, 5 EGTA, 2 MgCl2 and 10 HEPES, with pH adjusted to 7.4. The Cl Ϫ concentration of 4 mM in the pipette solution might be changed and become a source to affect the junction potential at the interface of Ag-AgCl pipette solution. Because the current through the electrode system was small at the order of 10 pA and lasted for tens of seconds typically during single-channel recordings in a patch, the pipette solution might not introduce a significant influence on the clamp voltage and the channel activity. In several inside-out experiments, the free Ca 2ϩ concentration in the bath solution was controlled to be 3.3 ϫ 10 Ϫ8 , 3.3 ϫ 10 Ϫ7 , and 5 ϫ 10
Ϫ7
M by adjusting the CaCl2 concentration to 1.075, 3.663, and 4.035 mM with 5 mM EGTA, respectively. The free Ca 2ϩ concentration was calculated using software (http://www.stanford.edu/ϳcpatton/ CaEGTA-TS.htm) (35) . To block the BKCa channel, tetraethylammonium (TEA; 10 mM) or charybdotoxin (ChTX; 200 nM) was applied to the bath solution during outside-out patch recording. All chemicals were purchased from Sigma-Aldrich.
Reverse transcription-polymerase chain reaction. The distal colon was excised from mice of the same strain (see Cell preparation). After removal of the mucosa and submucosa, total RNA was extracted from the colonic muscularis externa using the trizol-chloroform-isopropyl alcohol method following the manufacturer's instructions (Invitrogen, Carlsbad, CA). Reverse transcription-polymerase chain reaction (RT-PCR) was performed using a two-step RT-PCR kit (Invitrogen). In brief, total RNA was reverse transcribed into first-strand cDNA using oligo(dT) primers and avian myeloblastosis virus reverse transcriptase. Reverse transcription was performed at 50°C for 50 min, followed by a final terminal reaction at 85°C for 5 min. The cDNA products were used as templates for PCR amplification, which was performed with Taq DNA polymerase (Invitrogen). The sequences of oligonucleotide primers were as follows: GAPDH, forward 5=-TGAAGGTCGGTGTGAACGGATTTG-3= and reverse 5=-GGCG-GAGATGATGACCCTTTTG-3=; the ␣-subunit of BKCa (KCNMA1, GenBank accession no. NM_010610.2), forward 5=-CGCCAGC-CGTCCATCAC-3= and reverse 5=-CAGCCGGTAAATTCCAAAA-CAAAG-3=; the STREX coding sequence (174 bp, accession no. NM_010610.2), forward 5=-ATCGCAAGTGATGCCAAAG-3= and reverse 5=-TCTCAATCTCCTTGGGTG-3=; and the ␤1-subunit of BKCa (KCNMB1, accession no. NM_031169), forward 5=-CAGTG-GCCATGGGGAAGAAGC-3= and reverse 5=-CTGGGGATATAG-GAGCACTGTTGGTTT-3=. The product sizes were 359, 537, and 331 bp for the GAPDH and ␣-and ␤1-subunits, respectively. The predicted product size of the cross STREX sequence was 487 bp. PCR products were separated by electrophoresis on 1.5% agarose gels and visualized under UV irradiation by ethidium bromide staining. Gel images were captured using the Universal Hood II enclosure (Bio-Rad laboratories, Segrate, Italy). The authenticity of amplified RT-PCR products was verified using an ABI PRISM DNA sequencing system (Perkin Elmer). The experiments were repeated six times for the ␣-and ␤1-subunits of BK Ca and eight times for the STREX coding sequence.
Western blotting. Total proteins were extracted from the colonic smooth muscle tissues with lysis buffer containing (in mM) 50 Tris·HCl (pH 7.5), 50 NaF, 2 EDTA, 2 EGTA, 0.1 sodium orthovanadate, and 1 DTT with 2% SDS and 15% protease inhibitor cocktail (Roche Germany). Equal volumes of protein lysates were separated by 8% SDS-PAGE and electrotransferred onto a nitrocellulose membrane (Millipore Ireland). The membrane was incubated overnight at 4°C with polyclonal antibodies against the ␣-subunit of BK Ca (1:200; Alomone Labs, Jerusalem, Israel) and GAPDH (1:5,000; Sigma-Aldrich) diluted in 5% nonfat dried milk. After three washes for 5 min with Tris-buffered saline (TBS), the membrane was incubated with IRDye TM700 (red)-conjugated affinity-purified anti-rabbit IgG (1:5,000; Rockland, Gilbertsville, PA) for 1 h at room temperature and then washed three times with Trisbuffered saline-0.05% Tween 20 (TBS-T) and twice with TBS. Detection was performed using the LI-COR Odyssey infrared imaging system (Lincoln, NE). As a negative control, primary antibody was preincubated for 2 h at room temperature with a twofold excess of peptide antigen (SHSSHSSQSSSKKSSSVHSIP-STANRPNRPKSRESRDKQNATRMTRMGQAEKKWFTDEPDN-AYPRNIQIKPMSTHMANQINQYKSTSSLIPPIREVEDEC) as provided by the manufacturer. The experiment was repeated six times.
Immunofluorescence. Freshly isolated smooth myocytes were transferred to slides, fixed in cold 4% paraformaldehyde solution for 15 min, permeabilized with 0.3% Triton X-100 for 10 min at room temperature, and preincubated with 3% (vol/vol) H 2O2 in absolute methanol for 5 min. Normal goat serum was used to block any nonspecific staining. Cells were then exposed to primary (rabbit anti-BK Ca ␣-subunit, 1:100 dilution; Alomone Labs) and secondary antibodies (TRITC-conjugated goat anti-rabbit IgG; Jackson, West Grove, PA). Nuclei were stained with 6-diamidine-2=-phenylindole dihydrochloride (DAPI; Roche Germany) at 4°C for 30 min. Slides were visualized using the Leica LAS AF-TCS SP5 confocal microsystem. TRITC was excited at 561 nm and detected at 585-640 nm. DAPI was excited at 405 nm and detected at 420 -480 nm.
Statistical analysis. Data are means Ϯ SD. Student's paired t-test was used to compare data obtained before and after an intervention. A two-way analysis of variance (ANOVA) followed by multiple comparisons was performed to compare data from different pressures or voltages. For the patch-clamp data, n indicates the number of patches. The statistical significance was set at P Ͻ 0.05.
RESULTS
Electrophysiological identification of BK Ca channels in mice colonic smooth muscle cells. BK Ca channel activity was initially identified in the symmetrical high-K ϩ solutions in the cell-attached configuration with two 90-s ramps from ϩ80 to Ϫ80 mV (Fig. 1Aa) and from Ϫ80 to ϩ80 mV (Fig. 1Ab) . The channels were activated at the depolarization potential and reversed at 0 mV. Figure 1B shows the voltage dependency of the channel again by the voltage steps. The current-voltage (I-V) curve was linear in the range of 0 -60 mV with a reversal potential of 0 mV, and the single-channel conductance was 215 Ϯ 15 pS (n ϭ 15) at ϩ60 mV (Fig. 1D) . The conductance decrease at more positive potentials was due to Mg 2ϩ block of outward current (13, 53) . The reversal potential was shifted in a negative direction to Ϫ28 mV when the K ϩ concentration on the extracellular side was reduced to 35 mM in the cellattached patch (data not shown). This reversal potential was close to the equilibrium potential for K ϩ (Ϫ36 mV) as calculated by the Nernst equation. The channel current was abolished by 10 mM TEA (Fig. 1Ca) or 200 nM ChTX (Fig. 1Cb) , two known blockers of BK Ca channels, in the bath solution during outside-out recoding. All the above-described experiments were performed in a Ca 2ϩ -free symmetrical K ϩ solution. Figure 1E shows that the channel could also be activated by adding Ca 2ϩ to the bath solution in the inside-out mode. Taking these findings together, on the basis of the high conductance, activation by depolarization and intracellular Ca 2ϩ , inhibition by TEA and ChTX, and reversal at the K ϩ equilibration potential, we ascertained that the recorded channels in this study were BK Ca .
Of 335 patches from colonic smooth muscle cells, 312 (93%) patches were found to contain BK Ca channels. There were at least three channels in each patch. According to the pipette resistance of 8 -10 M⍀, the patch area was estimated to be about 1 m 2 (23) . These results imply that BK Ca channels are expressed abundantly and play an important role in colonic smooth muscle cells.
Mechanosensitivity of BK Ca channels in mice colonic smooth muscle cells. BK Ca channels were continuously active at ϩ60 mV. Figure 2 shows the effects of membrane stretch on BK Ca channel activities in cell-attached (A), outside-out (B), and inside-out patches (C). BK Ca channels were found to be activated by membrane stretch in a pressure-dependent manner in all three kinds of patches when they were held at ϩ60 mV. In Fig. 2B , the baseline at ϩ30 mmHg was not stable because the seal of the outside-out patch was damageable during stimulations of positive pressure; however, the amplitude of the single-channel current was not changed compared with that in other panels. In five cell-attached patches, NP o was 0.0105 Ϯ 0.0039 with 0 mmHg suction and increased to 0.0145 Ϯ 0.0051, 0.0190 Ϯ 0.0075, and 0.0466 Ϯ 0.0159 in response to Ϫ30, Ϫ40, and Ϫ50 mmHg suction, respectively (Fig. 2D) , showing the pressure-dependent activity of the BK Ca channel.
Stretch-vs. voltage-activation of BK Ca channels.
To evaluate the relationships between the pressure and voltage dependencies of BK Ca channel activation, we compared the voltage dependence before and during mechanical stimulation with Ϫ30 mmHg. Figure 3A shows the current traces from the same cell-attached patch that was clamped at various potentials before and during pressure challenge in the Ca 2ϩ -free bath solution. BK Ca channels had an apparent voltage dependence in the range of 0 -120 mV in both mechanical microenvironments. Furthermore, the channel activity was always higher during mechanical stimulation than during control periods. It was found that there were at least six BK Ca channels in this patch. Figure 3B shows two all-point histograms, each of which was constructed with 8-s data when the patch was clamped at 100 mV, as shown in Fig. 3A . The data exhibit multiple peaks with equal spacing, indicating that several BK Ca channels were simultaneously activated in this patch. Figure  3C demonstrates the statistical data with semilog plotting. (Fig. 3C,  n ϭ 6 ). The number of channels in each patch could not be ascertained because the BK Ca channels were not fully activated under a low intracellular Ca 2ϩ condition caused by the Ca 2ϩ -free bath solution. When the P o is low, the Boltzmann relationship can be approximated by an exponential equation (43) . Data were fitted by the equation NP o ϭ Ae kx , where x is the patch potential, A is the intercept, and k is the slope, reflecting the voltage sensitivity (in units of 1/mV). The fitting results are NP o ϭ 0.0026e 0.0504x (R 2 ϭ 0.9989, n ϭ 6) for the control and NP o ϭ 0.007e 0.0451x (R 2 ϭ 0.9552, n ϭ 6) for the Ϫ30 mmHg treatment groups. The two NP o -voltage curves were nearly parallel but had different intercepts (Fig. 3C) . The application of mechanical stimulation shifted the curve upward, indicating that the mechanical stimulation determined the intercepts and was independent of the membrane potential. It has been reported that mechanical stimuli increase the open probability of the stretch-activated channel but do not affect its conductance. Figure 3D depicts the I-V relationship at the single-channel level before and during membrane stretch. We noticed that the mean current amplitude of the single BK Ca channel at the same patch potential (ϩ100 mV) in Fig. 3B was higher during suction (17.5 Ϯ 2.6 pA) than in control (14.3 Ϯ 2.1 pA), and the two I-V curves trended to separate at higher membrane potentials (Ն60 mV, Fig. 3D ). These differences might be related to the role of stretch on the channel conductance; however, the data did not reach statistical significance.
Stretch-vs. Ca 2ϩ -induced activation of BK Ca channels. Intracellular Ca
2ϩ ions are a key gating factor of BK Ca channels. To confirm that stretch is an independent gating factor of Ca 2ϩ for BK Ca channels in colonic smooth muscle cells, we ] i ). All-point histograms were constructed using the 8-s data at Ϫ40 mmHg. Two sets of statistical data are shown in Fig. 4C after semilog plotting. In the Ca 2ϩ -free condition, NP o was 0.039 Ϯ 0.025, 0.049 Ϯ 0.031, 0.057 Ϯ 0.034, 0.065 Ϯ 0.042, and 0.106 Ϯ 0.077 for the suction intensities of 0, Ϫ10, Ϫ20, Ϫ30, and Ϫ40 mmHg, respectively (Fig. 4C, n ϭ 6) . In contrast, when the inside-out patch was exposed to 5 ϫ 10 Ϫ7 M Ca 2ϩ on the intracellular side, the channel activity increased to 0.173 Ϯ 0.096, 0.318 Ϯ 0.178, 0.480 Ϯ 0.386, 0.746 Ϯ 0.516, and 0.841 Ϯ 0.676 for the corresponding suction intensities (Fig. 4C, n ϭ 6 Expression of BK Ca channels in the mice colonic smooth muscle tissues. To examine BK Ca channel expression in colonic smooth muscle tissues, we initially analyzed BK Ca ␣-and ␤1-subunits at the transcription level. Amplified PCR products of the BK Ca channel appeared at 537 and 331 bp for the ␣-and ␤1-subunits, respectively (Fig. 5Aa) . The identities of the PCR products were verified by sequencing (data not shown).
The STREX insert has been considered to be an essential structure for various functions of the BK Ca channel. In addition, it was reported that the A674 amino acid residue in the STREX BK Ca of the chick heart was critical for its mechanosensitivity. Therefore, we checked the mRNA variants in mouse colonic smooth muscle. We designed a pair of primers that covered a region 107 bp upstream and 206 bp downstream from the C2 site. A predicted 487-bp product should be amplified by RT-PCR if the mRNA contained the STREX insert. However, only a band less than 359 bp was detected in the colonic smooth muscle (Fig. 5Ab ). There were two bands for skeletal muscle, one with a mass larger than 359 bp and the other a faint band with the same mass as that of colonic smooth muscle.
We further sequenced the products and found that the STREX insert was missing in the BK Ca ␣-subunit of colonic smooth cells (data not shown). This variant was ZERO. In contrast, a larger splice variant without the STREX sequence was detected in the skeletal muscle. This bigger variant was proven to contain an 87-bp insert at the C2 site and to be the reported SS2 ϩ87 that was primarily found in the skeletal muscle and thoracic aorta (36) . The presence of BK Ca channel proteins was confirmed by Western blotting. Figure 5B shows an ϳ125-kDa band, corresponding to the ␣-subunit, in the colonic smooth muscle tissues. No specific bands were detected when the primary antibody was preincubated in the blocking peptide (data not shown). A larger band mass was Fig. 3 . Effects of negative pressure on the voltage dependence of BKCa channels in cell-attached patches. A: BKCa channel activity was recorded in the same patch. Two runs of 10-s voltage pulses with 20-mV increments from 0 to 120 mV were delivered to the patch before and during application of Ϫ30 mmHg pressure. Eight-second data in the middle segment of each sweep is displayed. B: all-point histograms were constructed using the data segments (8 s each) in A at ϩ100 mV before and during mechanical stimulation (bin ϭ 0.05 pA). C: semilog plotting of BKCa channel activity (NPo) vs. membrane potential before and during suction of Ϫ30 mmHg (n ϭ 6). D: the current-voltage relationship before and during Ϫ30 mmHg suction (6 cell-attached patches with a symmetrical K ϩ gradient).
detected in the skeletal muscle tissue. The different molecular weights of BK Ca in the smooth and skeletal muscles reinforced that there were two different isoforms of the BK Ca ␣-subunit in these tissues. The immunofluorescence analyses were then performed to detect the distribution of the BK Ca ␣-subunit in colonic smooth muscle cells. The immunological signal was very strong on the membrane (Fig. 5Ca) . To exclude the possibility of a pseudopositive reaction, we performed a blank control sample without a primary antibody and confirmed a negative result (data not shown). DAPI was used to stain the nuclei (Fig. 5Cb) . The merged image shows that the BK Ca ␣-subunits are primarily localized to the membrane.
DISCUSSION
The ␣ splice variants of BK Ca channels in colonic muscle cells. In eukaryotic cells, alternative splicing provides a mechanism that allows cells to express different proteins with distinct functions using a single gene. The regulation for Slo I at the level of transcription has been carefully investigated. At the C2 splicing site of the Slo I COOH terminus in mammals, at least five isoforms have been shown to exist (6) . According to the data from the rat, the STREX variant was weakly expressed in most tissues, including the colon. On the other hand, the mRNA of the ZERO isoform was found widely at a higher level with an exception in the skeleton muscle, where a 29-amino acid segment was inserted at the C2 splicing site (36) .
In our study, we designed a special primer pair that covered a region 107 bp upstream and 206 bp downstream from the C2 splicing site. Sequencing the RT-PCR product from the mRNA of colonic muscularis showed that ZERO, but not STREX variant, existed in the colonic muscularis externa of the mouse. This result was different from a previous report in which the STREX variant was detected in the rat colon (36) . As a control in our study, the splice variant of BK Ca in murine skeleton muscle was confirmed to be the same as shown in the literature (36). Because the ZERO isoform is dominantly expressed in the colon muscularis externa of the mouse, we deduced that the BK Ca channel in native colonic myocytes was a ZERO homotetramer.
Mechanosensitivity of homotetramers of BK Ca ZERO splice variants. In our studies, the recorded channel from colonic myocytes possessed all the basic characteristics of BK Ca , including a large conductance (215 Ϯ 15 pS at ϩ60 mV), reversal at K ϩ equilibrium potential, activation by depolarization and intracellular Ca 2ϩ , and blockade by TEA and ChTX. The molecular identity of the channel was further confirmed to be ZERO BK Ca , and the channel was targeted at the cell membrane. We registered BK Ca activities in 312 of 335 sealed patches and found the channel density to be 3-8 per patch under incompletely activated conditions. This high density indicated the importance of BK Ca in the control of colonic movement. All of the tested BK Ca had mechanosensitivity. The stretch stimulation shifted the NP o -voltage curve upward, whereas increased [Ca 2ϩ ] i only shifted the intercept of the NP o -pressure curves. These results were consistent with previous studies on other cell types, showing that stretch does not change the BK Ca sensitivities to [Ca 2ϩ ] i or membrane potential (28, 30) . Accordingly, the membrane tension may be another independent factor in gating of BK Ca activity and possibly implicated in excitability regulation of the colonic smooth muscle.
To better understand the relationship of the ␣-BK Ca splicing variant with the mechanosensitivity, we collected the reported data from different labs. Since the exact change of P o in response to pressure stimulation was not directly available in some reports, we had to estimate the P o or the degree of P o increase from the related figure. The STREX channel, either in the cultured embryonic ventricular myocytes (45) or expressed in Chinese hamster ovary cells (32, 54) , showed mechanosensitivity. The P o was increased 10-fold or more in response to Ϫ40 mmHg suction. It seems no difference in stretch sensitivity between the expressed STREX channel alone and native STREX channel (45) that may combine with an unknown ␤-subunit. The heterogenous expressed ZERO channel alone did not display any stretch sensitivity (32) . Thus Naruse et al. (32) suggested that the STREX insert was a prerequisite to mechanosensitivity of the BK Ca channel. In skeleton muscle fibers, the BK Ca channel that may be composed of SS2 ϩ87 isoform (36) and a certain ␤-subunit exhibited a 2.9-fold increase in response to Ϫ30 mmHg suction (28) . In pulmonary and coronary arterial smooth muscle cells, where the BK Ca channel might be ZERO-␤1 polymer (51), the response to suctions of Ϫ30 and Ϫ37.5 mmHg was an ϳ2.7-and 4.5-fold increase in P o , respectively (19, 50) . In odontoblasts (1), osteoblast-like cells (7), and podocyte cells (31) , where the BK Ca channel composition was not specified, the P o was enhanced 4.5-fold by suction from Ϫ7.5 to Ϫ30 mmHg, 20-fold by suction from 0 to Ϫ30 mmHg, and 4-fold by suction from 0 to Ϫ15 mmHg, respectively. The most sensitive BK Ca channel seemed in trabecular meshwork cells, where an ϳ130-fold increase in P o occurred after Ϫ38 mmHg stimulation (15) . In the present study we proved that the ZERO BK Ca channel in colonic myocytes could also be activated by stretch. The open probabilities during Ϫ40 and Ϫ50 mmHg suctions were increased by factors of 1.8 and 4.4, respectively, compared with the control. It appears that all the BK Ca channels assembled with STREX, ZERO, or SS2 ϩ87 variants are mechanosensitive. It is difficult to make a more quantitative comparison, because multiple experimental conditions were different in the above studies. Patch potential and free [Ca 2ϩ ] i are important determinants, and complex patch mechanics and geometries (44), GAPDH was used as an internal control. a: mRNAs of ␣-and ␤1-subunits in colonic smooth muscles were detected. b: RT-PCR analysis on the BKCa ␣-subunit variants spliced at the C2 splicing site in colonic and skeletal muscles using specially designed primer pairs. Note that the mass of the RT-PCR product from the colonic muscle was smaller than GAPDH (359 bp), whereas that from skeletal muscles was larger than GAPDH. B: Western blotting detection of BKCa ␣-subunit in the skeletal and colonic muscles. A 125-kDa band for the BKCa ␣-subunit in colonic smooth muscle was recognized, and a larger BKCa ␣-subunit was detected in skeletal muscle. A 37-kDa band corresponding to GAPDH was the internal control. C: immunofluorescence localization of BKCa ␣-subunit in a freshly isolated colonic myocyte shown under confocal microscope. a: a strong immunoreaction (red) on the membrane for BKCa ␣-subunit. b: labeling of the nucleus with DAPI (blue). c: merged image of a and b.
the differences in seal process, and history of the mechanical stimulation (17) may greatly influence the stretch response of BK Ca . However, it seems that BK Ca of STREX variants may be more sensitive to mechanical stimulation than ZERO and SS2 ϩ87 BK Ca channels.
Mechanism of BK Ca stretch sensitivity. For the mechanism of BK Ca stretch sensitivity, Qi et al. (37) reported that applying amphiphilic molecules during single-channel recording could dose-dependently activate BK Ca . It was therefore interpreted that when an amphiphilic molecule was preferentially inserted into one leaflet of the cell membrane, an expanding force would be created in another monolayer and activate the mechanosensitive channel (37, 39) . This property was similar to that studied on TREK-1 (5), a stretch-activated channel (SAC) that is thought to be activated via interaction with membrane lipid molecules. However, several recent reports have emphasized that some segments in the COOH-terminal cytoplasmic tail of the BK Ca ␣-subunit are critical for its mechanosensitivity. The related segments include the linker that connects the transmembrane segment S6 with the first regulatory domains of potassium conductance (RCK1) and the STREX insert that is located between RCK1 and another RCK (RCK2). It was proven that increased linker length impairs the channel response to stretch and shorter linkers facilitate this response (54) . It appears that the linker may transmit the force from the downstream domain to the channel gate, and the length of the linker influences the strength of this force. In another study, the results showed that the STREX insert is critical for mechanosensitivity (32) . Deleting the STREX insert or substituting threonine for alanine at site 674 in the chicken STREX of the BK Ca channel completely abolished the channel response to stretch (32) . Therefore, it was suggested that the STREX BK Ca was activated by a mechanism in which the COOH terminus acts as a tether, interacts with an unknown membrane-bound component via the STREX domain, absorbs the energy from the membrane, and transmits it to the channel gate (32) . However, this mechanism does not explain how the ZERO BK Ca can be activated by stretch in colonic myocytes. We confirmed that the BK Ca variant in colonic myocytes of adult mice lacked the STREX insert. Furthermore, in reviewing studies on the BK Ca mechanosensitivity of various cell types, including vascular myocytes, there were no concomitant analyses of splice variants, and most cell types may express the ZERO isoform (36). Thus we suggest that BK Ca channels without a STREX insert can absorb energy from the membrane through other domains.
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